OBJECTIVES: This study examined the changes in running performance and the sex differences between women and men in 24-hour ultra-marathons held worldwide from 1977 to 2012. METHOD: Changes in running speed and ages of the fastest 24-hour ultra-marathoners were determined using single-and multi-level regression analyses. RESULTS: From 1977 to 2012, the sex differences in 24-hour ultra-marathon performance were 4.6¡0.5% for all women and men, 13.3% for the annual fastest finishers, 12.9¡0.8% for the top 10 and 12.2¡0.4% for the top 100 finishers. Over time, the sex differences decreased for the annual fastest finishers to 17%, for the annual 10 fastest finishers to 11.3¡2.2% and for the annual 100 fastest finishers to 14.2¡1.8%. For the annual fastest men, the age of peak running speed increased from 23 years (1977) to 53 years (2012). For the annual 10 and 100 fastest men, the ages of peak running speed were unchanged at 40.9¡2.5 and 44.4¡1.1 years, respectively. For women, the ages of the annual fastest, the annual 10 fastest and the annual 100 fastest remained unchanged at 43.0¡6.1, 43.2¡2.6 and 43.8¡0.8 years, respectively. CONCLUSION: The gap between the annual top, annual top 10 and annual top 100 female and male 24-hour ultra-marathoners decreased over the last 35 years; however, it seems unlikely that women will outrun men in 24-hour ultra-marathons in the near future. The fastest 24-hour ultra-marathoners worldwide achieved their peak performance at the age of master athletes (.35 years).
& INTRODUCTION
Over the last several decades, the sex difference in running performance has been a matter of particular interest (1) (2) (3) (4) (5) . When women's running performance improved during the 1980s (6), the discussion arose whether it would be possible for women to outrun men (1, (3) (4) (5) (7) (8) (9) . In 1992, a controversial paper published in ''Nature'' reported that the mean running speed for women and men would intersect in the future, first at the marathon distance in approximately 1998 (6) . However, marathon-running performance reached a plateau for women since the mid 1980s, with a sex difference of approximately 12% (10) .
Several studies addressed the question whether the sex difference in running performance would decrease with increasing race distance (1, 2, 4, 5, 9, 11) . It was assumed that women might be able to achieve a performance equivalent to men in ultra-marathon running (1, 5, 9) . However, analysis of the world's best running times at distances from 100 meters (m) to 200 kilometers (km) demonstrated a 7-19% sex difference in running performance, with an increase in sex difference for distances longer than the marathon (4). Similar findings have been reported for long-distance triathlons. Knechtle et al. (12) investigated the world's fastest performances in ultra-triathlons held between 1985 and 2009 and demonstrated that the sex difference in performance increased with increasing race distance. Men were approximately 19% faster than women in Double (i.e., 7.6 km swim, 360 km cycle and 84.4 km run) and Triple Ironman ultra-triathlons (i.e., 11.4 km swim, 540 km cycle and 126.6 km run) and approximately 30% faster in Deca Iron ultra-triathlons (i.e., 38 km swim, 1,800 km cycle and 422 km run). In Ironman triathlons, the sex difference in swimming was stable over the last 20 years; however, the difference increased slightly in cycling and decreased in running (13) . The sex difference for swimming performance was smaller than for running and cycling. Thus, the sex difference in the Ironman triathlon differed between the disciplines (14) .
Sex differences in endurance performances appear to be biological in origin (2) . The major reasons for the observed performance differences include the larger body size of men (15) and the lower body fat percentage compared to women (15, 16, 17) . Men have a greater maximal oxygen uptake (VO 2 max) compared to women (10, 15, 16) , which leads to a relevant advantage in aerobic performance (2, 16, 18) . Men also have higher hemoglobin and hematocrit counts relative to women (15) . Another advantage for men is their greater training motivation (19) . Women also lack experience in long-distance running competitions (2, 4) , which might be a disadvantage relative to men. However, there are also reasons why women could outperform men at longer distances. Women have greater fat stores (15) (16) (17) and tend to oxidize fat at a higher rate than men (20, 21) . Another assumption is that women seem to have less damage to skeletal muscle cells relative to men during and/or following prolonged exercises (22) , which may also be an advantage at ultra-endurance distances. Women have lower body mass (23) and likely need less energy for shifting their body mass from one place to another.
The sex difference in ultra-endurance running (events lasting.6 hours) (24) has been investigated in 100-mile ultra-marathons held in North America (1, 5, 8, 9, 11) and for the world's best running times for distances up to 200 km (4) . Recent studies investigating the performance in ultra-marathon running have mainly focused on a single race or a series of races rather than on a series of races held worldwide. The aim of this study was to investigate the changes in sex differences in ultraendurance distances on the basis of the complete, worldwide 24-hour ultra-marathons held between 1977 and 2012. A 24-hour ultra-marathon is a time-limited race. Competitors have to cover the largest possible distance within 24 hours with performances from approximately 146 km (25) to 300 km. The world record for this type of marathon is 303.5 km (www.ultra-marathon.org). We hypothesized that the sex difference at the 24-hour ultramarathon distance has been decreasing over the past several decades.
& MATERIALS AND METHODS
All procedures used in this cross-sectional data analysis met the ethical standards of the Swiss Academy of Medical Sciences (www.samw.ch/en/Ethics/Guidelines/Currentlyvalid-guidelines.html) and were approved by the Institutional Review Board of Kanton St. Gallen, Switzerland (decision letter of June 1, 2010) with a waiver of the requirement for informed consent of the participants given the fact that the study involved the analysis of publicly available data.
Data sampling and data analysis
All competitors who ever participated in a 24-hour ultramarathon between 1977 and 2012 were analyzed regarding the associations between age, sex and race performance ( Table 1 ). The data set for this study was obtained from the race website ''Deutsche Ultramarathon-Vereinigung'' (www. ultra-marathon.org). To facilitate reading and to increase the comparability of similar analyses of races of various distances, all race distances were transformed to running speed (km N h -1 ) before analysis. Running speed was calculated using the equation [running speed in km N h -1 ] = [race distance achieved in km]/24 hours (h). To determine changes in peak performance in running and the age of peak running speed, running speed and the age of the annual top, annual top 10 and annual top 100 women and men were analyzed. The sex difference in running performance was calculated using the equation 
Statistical analyses
The data in the text and figures are reported as means¡standard deviations (SD). To increase the reliability of the data analyses, each set of data was tested for normal distribution and homogeneity of variances prior to statistical analyses. Normal distribution was tested using a D'Agostino and Pearson omnibus normality test, and the homogeneity of variances was tested using a Levene's test. Trends in participation were analyzed using regression analysis with the ''straight line'' and ''exponential growth equation'' models, whereas for each set of data (e.g., each age group), both models were compared using Akaike's Information Criteria (AIC) to decide which model resulted in the highest probability of correctness. Single-and multi-level regression analyses were used to investigate changes in performance and the ages of the finishers. A hierarchical regression model was used to avoid the impact of a cluster effect on the results of the analysis of overall performance and sex difference if one competitor finished more than once in the annual top, annual top 10 or annual top 100. Furthermore, performance regression analyses were corrected for competitors' ages to prevent misinterpretation of the ''age effect'' as a ''time effect.'' To analyze differences between two groups, the Student's t-test was used for cases of normally distributed data, and the Mann-Whitney test was used for non-normally distributed data. Statistical analyses were performed using IBM SPSS Statistics software (Version 21, IBM SPSS, Chicago, IL, USA) and GraphPad Prism (Version 6.01, GraphPad Software, La Jolla, CA, USA). Significance was accepted at p,0.05 (twosided for t-tests).
& RESULTS
Complete data containing both sex and age were available for a total of 34,049 racers, of which 6,463 were women (19%) and 27,586 were men (81%).
Participation trends
The number of races increased exponentially from one race in 1977 to 81 races in 2012. The numbers of annual overall finishers and both annual female and male finishers also increased exponentially over the time period studied. In 1977, one man finished a 24-hour ultra-marathon. In 2012, 6,463 women and 27,586 men finished 24-hour ultra-marathons. Women accounted for 19% of the overall field. Table 1 displays the number of male and female finishers by country of origin. New Zealand was the only country where the proportion of female finishers was greater than male finishers. Apart from South Africa, there were no female finishers from African countries. The proportion of women trended higher in countries with larger numbers of total finishers. Figure 1A presents the running speeds for the fastest women and men ever finishing 24-hour ultra-marathons. The fastest woman ever ran at 10.64 km/h, and the fastest man ever ran at 12.27 km/h, which is a sex difference of 13.3%. Considering the 10 fastest women and the men ever, the women ran at 10.25¡0.21 km/h and the men at 11.77¡0.26 km/h, with a running speed sex difference of 12.9¡0.8%. For the 100 fastest finishers ever, the women ran at 9.68¡0.27 km/h and the men at 11.04¡0.32 km/h, with a sex difference of 12.2¡0.4%. When all female and male finishers were considered, the women ran at 5.59¡ 1.92 km/h and the men at 5.86¡1.92 km/h, with a sex difference of 4.6¡0.5%. The sex difference between the fastest 100 women and men was less than the sex difference between the fastest 10 women and men ( Figure 1B) . Running speed for the annual fastest men increased from 8.71 km/h (1977) to 12.27 km/h (2012); for women, the annual fastest speed increased from 9.03 km/h (1982) to 10.18 km/h (2012) (Figure 2A ). This increase remained true when controlling for multiple finishes ( Table 2 ). The sex difference in running speed decreased over time to 17% in 2012 ( Figure 2A ) and was also true when controlling for multiple finishes (Table 2 ). For the annual 10 fastest finishers ( Figure 2B ), the men's running speed increased from 7.86¡0.81 km/h (1982) to 11.07¡0.51 km/h (2012), and the women's running speed increased from 6.23¡2.34 km/h (1986) to 9.81¡0.25 km/h (2012); these results remained true when controlling for multiple finishes ( Table 2 ). The sex difference in running speed decreased from 33.2¡21.8% (1986) to 11.3¡2.2% (2012) and remained true when controlling for multiple finishes (Table 2) . Considering the annual 100 fastest finishers (Figure 2C ), the men's running speed increased from 7.25¡1.69 km/h (1989) to 9.95¡0.57 km/h (2012), and the women's running speed increased from 6.24¡1.65 km/h (1999) to 8.54¡0.64 km/h (2012); these results were also true when controlling for multiple finishes ( Table 2 ). The sex difference decreased from 30.7¡12.8% (1999) to 14.2¡1.8% (2012), all results remained true when controlling for multiple finishes ( Table 2 ). The performance densities from the 10 th place to the fastest competitor increased for men from -27% (1982) to -13.3% (2012) and increased for women from -78.5% (1986) to -6.4% (2012) ( Figure 3A) . The performance density from the 100 th finisher to the fastest finishers increased for men from -67% (1989) to -24.4% (2012) and increased for women from -76.2% (1999) to -24.5% (2012) ( Figure 3B ).
Sex difference in running speed

The age of peak running speed
The highest number of finishes for both men and women were from competitors aged 45-49. The age of the annual fastest men increased from 23 years (1977) to 53 years (2012) (Figure 4A ), including when controlling for repeated finishes ( Table 2 ). The age of the annual fastest women remained unchanged at 43.0¡6.1 years ( Figure 4A ), including when controlling for repeated finishes (Table 2 ). For the annual 10 fastest finishers, the mean ages remained unchanged at 43.2¡2.6 years for women and 40.9¡2.5 years for men ( Figure 4B ), including when controlling for repeated finishes Sex differences in 24-hour ultra-marathon running Peter L et al.
( Table 2 ). When considering the annual 100 fastest finishers, the mean ages remained unchanged at 43.8¡0.8 years for women and 44.4¡1.1 years for men ( Figure 4C ), including when controlling for repeated finishes (Table 2) .
& DISCUSSION
The main findings of this study were first, that there were increases in the numbers of both female and male 24-hour ultra-marathoners from 1977-2012. Second, a decrease in the sex difference over this time was observed for the annual fastest, the annual top 10 and the annual top 100 24-hour ultra-marathoners. Third, the fastest 24-hour ultra-marathoners worldwide were master athletes (.35 years).
Increasing numbers of 24-hour running finishers
A main finding regarding participation was that the number of finishers increased exponentially for both women and men over the studied time period. New Zealand was the only country where the proportion of female finishers was higher than the proportion of male finishers. Apart from South Africa, there were no female finishers from African countries. For all countries, there appeared to be a trend toward a higher proportion of female finishers in countries with larger numbers of total finishers. These results may suggest that men were forerunners in the performance of new emerging sports, while women began later. Women started participating later in sporting competitions such as the marathon (15) . In 1972, sex discrimination was prohibited in the USA (US Department of Labor, 1972), and in 1984, the first Olympic marathon for women took place (15) . Today, the possibility for women to pursue their interests in sports is higher than in the past. Nowadays, it is possible for female ultra-marathoners to look after their children, work a full time job and train for ultra-marathons (26) .
Based on the analysis of single ultra-marathons within a single country, the number of female ultra-marathoners increased during the same period (1998 to 2011), whereas the number of male ultra-marathoners remained unchanged in a mountain ultra-marathon such as the 78-km ''Swiss Alpine'' held in Davos, Switzerland (27) . The number of male participants was also reported to be stable in the 100-mile ultra-marathons in the USA (7, 11) . Hoffman and Wegelin (7), Hoffman (11) and Eichenberger et al. (27) performed their analyses in Western countries; therefore, nationality may also have an influence on the number of competitors.
Sex difference in performance for 24-hour ultra-marathoners
The running speeds of the annual fastest, the annual top 10 and the annual top 100 women increased over the studied time period; as hypothesized, the sex difference correspondingly decreased during this same timeframe. Women lack experience in participating in endurance performance competitions (4) . Over the last several decades, women have had more time to improve their experience in ultra-endurance running competitions; therefore, they have enhanced their ultra-marathon performances. Thus, the increase in the number of female competitors could be a possible explanation for the decrease in the sex difference among 24-hour ultra-marathoners.
We found differences of approximately 13% between both the annual winners and the annual top 10 finishers, and 12% for the annual top 100 finishers. This sex difference was similar to the sex difference observed in terms of marathon distance, which has remained stable since the mid 1980s (10) . However, this sex difference was lower than the 20% sex difference Hoffman (8) reported for the winners of 100-mile ultra-marathons in North America. One explanation for this difference could be that the best ultramarathoners opted to participate in the more famous 
100-mile runs than in the 24-hour ultra-marathon, or it could be because Hoffman (5, 8) analyzed races only in North America. Coast et al. (4) described a 14% difference for the 100-mile distance and a 19.1% difference for the 200-km distance. In a 24-hour ultra-marathon, the mean distance is approximately 146 km (25); however, this distance might be considerably longer for the fastest women and men. Thus, the sex difference in the present 24-hour ultra-marathoners was also less than the difference suggested by Coast et al. (4) .
The sex difference between the 100 fastest women and men was less than the sex difference between the fastest 10 women and men. The sex difference of all female and male finishers was only 4.6%, whereas the sex differences of the annual top 10 and the annual top 100 finishers were both greater than 12%. Indeed, there was a higher sex difference among elite 24-hour ultra-marathon finishers compared to the average finishers. These results correspond to the trend reported by Hoffman (8) for 100-mile runs. He reported sex differences of 20% for the fastest finish time and only 3% for the average finish time (8) .
The average time differences between the winner and the 10 th place athlete decreased for both women and men. In 2012, this time difference was smaller for women than men. The density for the top 10 finishers was higher for women than for men. The densities for the top 100 men (24.4%) and top 100 women (24.5%) were approximately the same in 2012. Lepers et al. reported the same trend for Ironman triathletes: the performance densities for elite women and men seemed to become similar (13).
The age of peak running performance in 24-hour ultra-
marathons. An interesting finding regarding the age of the 24-hour ultra-marathoners was that the mean ages were unchanged over the entire study period -approximately 41 years for the annual top 10 men and approximately 44 years for the annual top 100 men. For women, mean ages of the top 10 and top 100 finishers remained unchanged at approximately 44 years. The ages of the fastest women and men increased in single ultra-marathons held within a single country, such the ''Swiss Alpine'' from 1998 to 2011 in Switzerland (27) and the 100-mile runs from 1978 to 2008 in the USA (8) . In the 100-mile runs in North America, the fastest times were achieved by competitors in the 30-39 age group for men and the 40-49 age group for women (8) . The fastest running times in the ''Swiss Alpine'' were achieved by competitors in the 30-34 age group for women and the 40-44 age group for men (27) . Reaburn and Dascombe (28) described a curvilinear decline in endurance performances beginning at the age of 35 years, and they defined endurance athletes older than 35 years as being ''master athletes.'' Master athletes are systematically trained for special forms of sports designed for older adults. However, in the 24-hour ultra-marathons, the male and female world elite athletes are older than 40 years. Additionally, in the ''Swiss Alpine'' ultra-marathon (27) and in the 100-mile runs (8) , the fastest finishers were master athletes, according to Raeburn's definition. Our results are in agreement with Reaburn's definition of master athletes. In 24-hour ultra-marathons, the male world elite athletes were, on average, 41 years old; consequently, master athletes have to be older. Therefore, our results suggest a change for the age definition of master athletes in terms of ultra-endurance running.
Limitations and implications for future research
The strength of this study is that the results are based on an extensive dataset with a large sample size. This dataset provides a good overview of the sex differences among 24-hour ultra-marathons worldwide. However, the nationalities of the participants are unknown, and we do not have data concerning athlete physiology, psychology, body composition, training, previous experience, weather, race route, etc. A recent study identified that one's longest training run and the best marathon time were important predictor variables for successful 24-hour ultra-marathon performance. Anthropometric characteristics, such as body fat or skinfold thickness, did not influence performance (25) . For the 100-mile ultra-marathons, Hoffman and Fogard (29) investigated factors related to successful finishing, such as body mass index, training volume, ambient temperatures at the events, medication use, etc. Krouse et al. (26) investigated the influence of motivation, goal orientation and training for female ultra-runners and reported that general health orientation and psychological coping were the strongest motivational factors for female ultra-marathoners.
To summarize, there were constant increases in the numbers of female and male 24-hour ultra-marathoners during the 1977-2012 time period. The running speeds of the annual fastest women and men increased, and the sex differences in running speed decreased over these years. The ages of peak running speed were unchanged for the annual top 10 and annual top 100 women and men. Although women's running speeds improved, the sex differences in performance decreased over time. Therefore, it seems unlikely that women will be able to outrun men in 24-hour ultra-marathons in the near future. The fastest 24-hour ultra-marathoners worldwide achieved their peak performance at the age of master athletes (.35 years). Future studies are needed to investigate longer distanceand time-limited races. Most likely, the age of peak running speed increases in proportion to the length of the race.
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